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Abstract

Purpose A shift towards more plant-based diets promotes both health and sustainability. However, controlled trials address-
ing the nutritional effects of replacing animal proteins with plant proteins are lacking. We examined the effects of partly
replacing animal proteins with plant proteins on critical vitamin and mineral intake and statuses in healthy adults using a
whole-diet approach.

Methods Volunteers aged 20-69 years (107 female, 29 male) were randomly allocated into one of three 12-week intervention
groups with different dietary protein compositions: ANIMAL: 70% animal-source protein/30% plant-source protein; 50/50:
50% animal/50% plant; PLANT: 30% animal/70% plant; all with designed protein intake of 17 E%. We analysed vitamin
B-12, iodine, iron, folate, and zinc intakes from 4-day food records, haemoglobin, ferritin, transferrin receptor, folate, and
holotranscobalamin II from fasting blood samples, and iodine from 24-h urine.

Results At the end point, vitamin B-12 intake and status were lower in PLANT than in 50/50 or ANIMAL groups (P <0.007
for all). Vitamin B-12 intake was also lower in 50/50 than in ANIMAL (P <0.001). Iodine intake and status were lower in
both 50/50 and PLANT than in ANIMAL (P <0.002 for all). Iron and folate intakes were higher in PLANT than in ANIMAL
(P<0.001, P=0.047), but no significant differences emerged in the respective biomarkers.

Conclusions Partial replacement of animal protein foods with plant protein foods led to marked decreases in the intake and
status of vitamin B-12 and iodine. No changes in iron status were seen. More attention needs to be paid to adequate micro-
nutrient intakes when following flexitarian diets.

Clinical trial registry NCT03206827; registration date: 2017-06-30.

Keywords Animal-based foods - Plant-based foods - Flexitarian diet - Group B vitamins - Iron status - Iodine status

Abbreviations ANOVA  Analysis of variance
50/50 A diet containing equal amounts of animal holoTC Holotranscobalamin II
and plant proteins hs-CRP High-sensitivity C-reactive protein
ANCOVA Analysis of covariance NNR Nordic nutrition recommendations
ANIMAL A diet containing 70% animal and 30% plant PLANT A diet containing 30% animal and 70% plant
protein protein
TfR Transferrin receptor
U-1 24-Hour urinary iodine excretion
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and dairy. In current Western diets, the consumption of these
foods is excessive also relative to nutritional recommenda-
tions [1, 2]. Shifting toward plant-based flexitarian diets and
replacing animal protein sources with plant protein ones
would likely improve health and reduce the risk of mortal-
ity, cardiovascular diseases, colorectal cancer, and type 2
diabetes [3—6]. The number of flexitarian consumers who
abstain from eating meat regularly is on the rise [7].

Cross-sectional studies have reported that strictly plant-
based diets are characterized by several nutritional benefits
such as high folate intake and status [8§—10]. However, they
may also pose some nutritional risks, such as low intake and
status of some critical nutrients, compared with omnivorous
mixed diets. Lower vitamin B-12 and iodine intake and sta-
tus and a risk for deficiency have been reported not only in
vegan [8—12], but also to some extent in vegetarian diets
[9-13]. Lower vitamin B-12 intake and status in a vegan diet
have also been noted in a 4-week randomized clinical trial
[14], and lower iodine excretion in subjects with a lactoveg-
etarian diet in a short-term (48 h) controlled experimental
study [15]. Cross-sectional studies have also shown lower
zinc intakes among vegans and vegetarians [8, 10, 12].

In cross-sectional studies, iron intake in plant-based diets
has been reported to be similar or higher than in omnivorous
diets [8, 10, 16, 17]. Despite higher intakes, vegetarians in
some [8, 17], but not all [18-20], studies have had lower iron
stores than their non-vegetarian peers. This may be due to
lower bioavailability of non-heme iron in plant foods than
of heme iron in animal-derived foods. Typically, heme iron
contributes 10-15% of iron intake in omnivorous popula-
tions [21]. Plant-based foods, including whole grains, leg-
umes, seeds, and nuts, also contain numerous anti-nutrients,
such as phytates that are known to decrease iron absorption
in the small intestine. On the other hand, plant foods typi-
cally contain vitamin C, an enhancer of the bioavailability
of non-heme iron [22].

The composition of the diet as a whole is critical to the
bioavailability, and thus, to the status of vitamin B-12,
folate, iron, zinc, and iodine. It is important to investigate
in a controlled setting the extent to which animal protein
sources can be replaced by plant protein sources in flexitar-
ian, plant-based diets to achieve health advantages, while
simultaneously ensuring adequate intake of critical vitamins
and minerals. Here, we report the results of a 12-week rand-
omized controlled trial with a parallel design using a whole-
diet approach to examine the effects of partial replacement
of animal proteins with plant proteins on the intakes of
folate, vitamin B-12 iron, zinc, and iodine and their nutri-
tional status biomarkers among healthy adults.
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Subjects and methods
Study design and subjects

The ScenoProt intervention study, conducted at the Univer-
sity of Helsinki, included 20- to 69-year-old healthy adult
participants. Their body mass index (BMI) ranged between
18.5 and 35.0 kg/m?, and they volunteered to follow any of
the three diets for the 12-week controlled trial in a parallel
design. We recruited participants through newspaper adver-
tisements, social media, and the university s mailing lists.
Exclusion criteria were fasting plasma glucose > 6.9 mmol/l
and total cholesterol > 6.5 mmol/l, use of medication for dia-
betes or hypercholesterolemia, disorders of the intestinal or
endocrine systems or of lipid metabolism, renal, or liver
diseases, eating disorder, any malignant illness within the
past five years, recent use of antibiotics (during the last three
months), food allergies, extreme sports, smoking, and cur-
rent pregnancy or lactation. Participant enrolment is shown
in Fig. 1.

The screening was implemented from December 2016 to
the beginning of March 2017, and the intervention periods
began between January and March 2017. Altogether, 146
participants passed the screening and were stratified by sex
and age and randomly allocated (allocation ratio 1:1:1) by
the study PI to one of the three diet groups: ANIMAL, an
animal-source protein diet representing an average Finn-
ish diet and containing 70% animal- and 30% plant-source
protein; 50/50, containing equal amounts of animal- and
plant-source proteins; and PLANT, a plant-source protein
diet containing 30% animal- and 70% plant-source protein.
Participants were unaware of their diet group until they had
completed baseline measures, after which their diet group
was introduced using a colour code for each diet. The col-
our codes were used throughout the study. Participants were
advised to discontinue use of dietary supplements and herbal
or other natural remedies 2 weeks prior to the intervention
period. Power calculation and sample size estimation of this
research has been described in detail elsewhere [23, 24]. No
power calculations regarding vitamin or mineral intakes or
their biomarkers presented in this paper were carried out.

Intervention diets

The intervention diets and compliance have been described
in detail elsewhere (23, 24). In short, the three diets were
designed to contribute, on average, 17% of energy from pro-
tein. The amount of red meat, poultry, and dairy products
differed among the diet groups, being highest in the ANI-
MAL group, whereas the amounts of eggs and fish were
the same in each diet group. In the 50/50 and PLANT diets,
red meat, poultry and dairy products were partially replaced
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Fig. 1 Flow chart of partici-
pants. ANIMAL, a diet contain-
ing 70% animal and 30% plant
source proteins; 50/50, a diet
containing equal proportions
(50:50) of animal and plant-
based protein sources; PLANT,
a diet containing 30% animal
and 70% plant proteins
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with plant protein sources such as cereal products, vegetable
dishes including peas, lentils, chickpeas, tofu, faba beans,
nuts, almonds, seeds, and plant-based dairy substitutes
(Table 1). The food items supplied by the study provided
on average 80% of the daily energy intake in all diet groups
[23]. Participants were allowed to consume fruits, berries,
dietary fats and oils, confectionery products, and other than
plant-based dairy or vegetable substitute beverages as they
usually did; they acquired these foods themselves.

The participants visited the research unit weekly, when
they were provided with most of their protein sources by the
study to be consumed at home: meat, poultry, ready-made
plant-protein products, bread, nuts and seeds, pulses (such
as pea flower and dried pea groats), and fish. None of the
ready-made plant-based foods or plant-based dairy substi-
tutes supplied in this intervention were fortified with vitamin
B-12, folic acid, iodine, iron, or zinc. The breads supplied
contained iodized salt. The participants were instructed on

@ Springer
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Table 1 Consumption

) . ANIMAL 50/50 PLANT

frequencies and daily

consumption of speciﬁ(': Sources of animal proteins

fﬁ;ﬁi::gof:l)%?e%;%igzcllnoglfhe Main dishes containing minced meat (times/wk) 2-3 1-2 0-1

delivered food items and diet Main dishes containing whole meat (times/wk) 2-3 1-2 0-1

instructions Main dishes containing sausage (times/wk) 1 0-1 0-1
Sausages and cold cuts, including processed poultry (g/d) 35 23 11
Pork and beef (g/d) 64 43 21

Red and processed meat total (g/d) 99 65 32
Fish dishes (times/wk) 2 2 2
Fish (g/d) 36 36 36
Main dishes containing poultry (times/wk) 2-3 1-2 1
Poultry (g/d) 43 29 14
Eggs/wk (in dishes and pastries; boiled or fried) 4 4 4
Eggs (g/d) 31 31 31
Dairy products other than cheese (g/d) 400 250 125
Cheese (g/d) 40 25 10-15
Sources of plant proteins
Main dishes based on peas, lentils, chickpeas, tofu, crushed 0-1 3-5 5-7
soya beans, or faba beans as main ingredients (times/wk)

Vegetable patties, pizza, mushroom dishes (portions/wk) 1 2-3 2-3
Nuts, almonds, and seeds (g/d) Occasionally 16 34
Plant-based dairy substitutes (other than cheese), g/d 0 150 250
Bread (rye and oat/wheat bread; slices of bread/d) 4-5 6 7
Bread (g/d) 120-150 180 210
Porridge and muesli (g/d, dry weight) 40 40-60 40-80
Whole-grain rice, pasta, couscous, quinoa (g/d, dry weight) 70 70-105 70-140
Potatoes (g/d, cooked) 120 0-120 0-120

Average daily consumption is presented as g/d. ANIMAL, a diet containing 70% animal and 30% plant
source proteins; 50/50, a diet containing equal proportions (50:50) of animal and plant-based protein
sources; PLANT, a diet containing 30% animal and 70% plant proteins

how to implement their diet at a food level, and they received
recipes for cooking.

Assessment of baseline characteristics

The background data on age, sex, education, and previous
use of dietary supplements (the type of the supplement but
not the dose) were collected by a questionnaire. Multivi-
tamins were assumed to include folic acid, vitamin B-12,
iron, zinc, and iodine. In additional analysis, the data were
dichotomized to previous users and non-users of vitamin
B-12, folate, iodine, iron, and zinc supplements. BMI was
calculated as weight (kg)/height (m?).

Assessment of dietary intake

Four-day food records, including three weekdays and one
weekend day, were collected prior to the start of the inter-
vention and during the last week of the intervention. The
participants were instructed to record portion sizes using
weighing, package labels, or household measures. The

@ Springer

baseline food records from two participants were not avail-
able. Food records were reviewed by nutritionists, and
missing information was requested if needed. Vitamin and
mineral intakes were calculated by the AivoDiet software
(version 2.2.0.1, Aivo Oy, Turku, Finland), including the
Fineli® Food Composition Database Release 16 (2013),
maintained by the Finnish Institute for Health and Welfare
[25]. Vitamin and mineral intakes at baseline and end point
were calculated as means of daily intake. Each food item
or mixed dish in the dataset was assigned to a food group,
and retention factors (EuroFIR) [26] of folate, vitamin B-12,
vitamin C, iron, and zinc were applied with a single factor
per nutrient per food group. Total, animal-derived, plant-
derived, and other sources of iron intake were calculated
separately. All composite dishes and single food items were
classified into 14 food categories based on a modified clas-
sification of the Fineli® database, and the proportions of
the sources for nutrient intakes were calculated for each cat-
egory. For analysing animal- and plant-derived iron intakes
and the share of iodized salt of the total iodine intake, the
data were disaggregated into ingredients of composite dishes
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and single food items and these were classified to 17 differ-
ent ingredient categories, also based on a modified classifi-
cation of the Fineli® database.

Assessment of nutrient biomarkers

Blood samples were collected after overnight fast (10-12 h)
at screening, baseline, and end point visits, and stored at
— 70 °C until analysis. Plasma ferritin and transferrin recep-
tor (TfR) concentrations, serum folate and holotranscobala-
min IT (holoTC), haemoglobin and high-sensitive C-reac-
tive protein (hs-CRP) were analysed at Helsinki University
Hospital Laboratories, Helsinki, Finland. All samples were
analysed according to accredited standard methods. All bio-
markers used were considered to most reliably represent the
status of each nutrient [27-31]. In this study, no biomarker
for zinc was examined because of the lack of sensitive clini-
cal criteria to evaluate marginal or low zinc status [32].

Serum folate and holoTC were measured by immuno-
chemiluminometric methods and plasma ferritin by photo-
metric methods using the Abbott Architect iISR2000. The
intra-assay coefficient of variation percentage (CV%) for
folate was 8%, for holoT'C 7%, and for ferritin 5%. Inter-assay
CV% for folate was < 10% within the range 6—18 nmol/l,
for holoT'C < 7% within the range of 15-50 pmol/l, and for
ferritin < 5% within the range of 20-323 ug/l. Plasma TfR
was measured by immunoturbidimetric assay performed
on the Abbott Architect c16000. For TfR, intra-assay CV%
was 5.8% and inter-assay CV% < 8% within the range of
0.5-1.1 mg/l. Blood haemoglobin was analysed using pho-
tometric methods with inter-assay CV% < 1.0% within the
whole measurement range.

The participants collected 24-h urine samples at the
beginning and at the end point of the intervention. 24-h
urine iodine excretion (U-I) at the end point of the study
was calculated based on urinary volume and urinary iodide
concentration analysed at Vita laboratories in Helsinki by
inductively coupled plasma - mass spectrometry with the
Agilent 7700 ICP-MS. The CV% was 1.7% for intra-assay
and 8.1% for inter-assay variation.

Statistical analysis

Data are presented as means = SD. Daily intakes are
expressed also as energy-adjusted (ug or mg/MJ). Education
was dichotomized to upper secondary or less and Bachelor’s
degree or higher. For the analysis regarding folate and iron
intake, the female participants were dichotomized accord-
ing to Finnish mean age of menopause [33]: to “51 years
(reproductive age) and > 51 years (peri- and postmenopausal
age). Differences among the diet groups in the intakes of
vitamins and minerals at the end point were compared by
one-way analysis of variance (ANOVA). Energy intake (MJ)

was tested as a covariate for plant and animal-derived iron,
but no change in the significance of the results was observed.
The differences between nutrient biomarkers among dietary
supplement users and non-users were tested by independ-
ent samples ¢ tests. We contrasted nutrient biomarker con-
centration among the diet groups by analysis of covariance
(ANCOVA), with adjustments made with the covariate:
baseline concentrations, followed by post hoc comparisons,
adjusted by the Bonferroni method. In addition, BMI, energy
intake, age, sex, history of dietary supplement use for all bio-
markers, and hs-CRP as indicator of iron status were verified
as covariates, but no change in the significance of the results
was observed. Multivariate significance test for indicators of
iron status was done by using the multivariate linear model,
where baseline values were used as covariates. Folate status
was analysed separately for folic acid supplement users and
non-users. We analysed biomarkers of iron status separately
for male and female participants. The baseline value of TfR
was missing for one subject in the 50/50 group and another
subject in the PLANT group, as was the end point value of
ferritin for one subject in the ANIMAL group. As an excep-
tion to other nutrient biomarker analyses, U-I was analysed
by one-way ANOVA because baseline data were unavail-
able. The associations between dietary intake and nutrient
biomarkers were determined with Spearman correlation.

P values < 0.05 were considered significant. Data analy-
ses were done with R software (version 3.5.1 and Studio) (R
Core Development Team) and with SPSS version 24 (25)
(IBM).

Results
Baseline characteristics

Altogether, 136 of 145 randomized participants completed
the study (Fig. 1), 79% of whom were females. Over half
(52%) of the female participants were of reproductive age
(<51 years). Participants’ mean age was 48 (range 20—69)
years, and mean BMI was 24.7 kg/m>. Most of the partici-
pants (69%) had an education higher than Bachelor’s degree
(Table 2). Based on the background questionnaire, partici-
pants had moderate-intensity physical activity on average
three times per week [23].

Dietary intake at end point

We aimed at the same proportion of energy from protein in
all diet groups throughout the intervention, but at the end
of the study the PLANT group had a slightly lower pro-
tein intake (15.2 E%) than the 50/50 (16.9 E%) and ANI-
MAL (18.2 E%) groups (ANIMAL vs. PLANT P < 0.001
and 50/50 vs. PLANT P =0.002). Energy, carbohydrate and
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Table 2 Baseline characteristics

ANIMAL 50%/50 PLANT All
of healthy adults (n=136) who (n=46) (n=46) (n=44) (n=136)
consumed intervention diets
differing in animal and plant Age (years)® 47.6+14.5 4724147  487+140  478+143
protein levels for 12 weeks Sex
Female (number/total) 37 (80) 36 (78) 34 (77) 107 (79)
Female of reproductive age (<51 years) 19 (51) 20 (56) 17 (50) 56 (52)
Male 9 (20) 10 (22) 10 (23) 29 (21)
Education®
Upper secondary or less 10 (22) 13 (28) 7 (16) 30 (22)
Bachelor’s degree or higher 33 (71) 26 (57) 35 (80) 94 (69)

Values are n (%). ANIMAL, a diet containing 70% animal and 30% plant source proteins; 50/50, a diet
containing equal proportions (50:50) of animal and plant-based protein sources; PLANT, a diet containing

30% animal and 70% plant proteins

*Values are means + SDs

PFor education data, total n= 124 (data missing for 12 subjects)

total fat intake did not differ between the groups at the end
of the intervention (P > 0.05), but fibre intake in the PLANT
(»<0.001) and in the 50/50 groups (p =0.012) was higher
than that in the ANIMAL group [23] (Supporting Informa-
tion Table S1-S2). Supporting Information Table S1 shows
the vitamin and mineral intakes at baseline. The propor-
tion of dietary animal-source proteins among the study par-
ticipants ranged from 61 to 65% and that of plant-source
proteins from 35 to 39% of total protein intake among diet
groups (Supporting InformationTable S1). Approximately,
one-fourth of the participants had a history of folic acid or
vitamin B-12 supplement use. Iodine supplement use was
not common (Table 2).

At the end point, vitamin B-12 intakes were lower in the
50/50 (mean 3.4 pg/d) and PLANT (2.3 pg/d) groups than in
the ANIMAL (4.9 pg/d) group (P <0.001 for all), and lower
in the PLANT group than in the 50/50 group (P =0.007).
Iodine intake was lower in the 50/50 (188.1 ug/d) and
PLANT (180.9 ng/d) groups than in the ANIMAL
(263.9 pg/d) group (P <0.001 for all) (Fig. 2A-B, Support-
ing InformationTable S2). Folate intake was higher in the
PLANT (364.1 pg/d) than in the ANIMAL (305.6 ug/d)
group (P =0.045), whereas zinc intake was lower in the
PLANT (12.3 mg/d) than in the ANIMAL (14.1 mg/d) group
(P=0.044) (Fig. 2F-G, Supporting Information Table S2).
No differences emerged in vitamin C intake among the
diet groups (ANIMAL 160.4 mg/d, 50/50 147.4 mg/d, and
PLANT 146.7 mg/d, P <0.05) (Supporting Information
Table S2).

Total iron intake was higher in the PLANT (mean
17.9 mg/d) than in the ANIMAL (14.3 mg/d) group
(P <0.001). Plant-derived iron intake was higher in the
PLANT (16.7 mg/d) group than in the 50/50 (13.9 mg/d)
(P=0.004) and ANIMAL (11.2 mg/d) (P <0.001) groups
and higher in the 50/50 group than in the ANIMAL group
(P=0.005). Animal-derived iron intake was lower in the
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PLANT (1.0 mg/d) group than in the 50/50 (2.1 mg/d) and
ANIMAL (3.0 mg/d) groups and lower in the 50/50 group
than in the ANIMAL group (P <0.001 for all). (Fig. 2C-E,
Supporting Information Table S2). The proportion of ani-
mal-derived iron of total iron intake was 21% in the ANI-
MAL, 13% in the 50/50, and 6% in the PLANT group. The
ratio of plant-derived to animal-derived iron (mg/mg) dif-
fered among all groups (P =0.002 for all). The mean ratio of
plant to animal iron was almost sevenfold when comparing
the PLANT (28.8) with the ANIMAL group (4.0) (Support-
ing Information Table S2).

The importance of vegetables and vegetable dishes as
sources of all vitamins and minerals was pronounced in the
diets containing more plant protein. In addition, in more
plant protein-based groups, cereal and bakery products were
important sources of zinc and iodine, while nuts and seeds
served as important sources of iron and zinc (Fig. 3). The
contribution of all food categories as sources of vitamins
and minerals are described in Tables S3—S4. The analysis
of ingredient categories as sources of iodine showed that
the proportion of iodine intake from iodized salt was 31%
in the ANIMAL group, 38% in the 50/50, and 39% in the
PLANT group.

Biomarkers of nutritional status and their
correlations between vitamin and mineral intakes
at end point

When analysing all diet groups together, the absolute intake
(ug/day or mg/day) and the status of folate, vitamin B-12,
and iodine correlated (folate, r=0.221, P=0.010; vitamin
B-12, r=0.301, P<0.001; iodine, r=0.495, P <0.001) at
the end point of the intervention.

Vitamin B-12 and iodine status differed among the
intervention groups at the end point (P <0.001 for both)
(Fig. 4A-B, Supporting Information Table S5). HoloTC was
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lower in the PLANT group (mean 97.7 pmol/l) than in the
other groups (105.8 pmol/l in the 50:50 and 122.1 pmol/I
in the ANIMAL group) at the end point of the interven-
tion (P <0.001 for both) (Fig. 4A, Supporting Information
Table S5). One participant (2.2%) in the ANIMAL group,
five participants (10.9%) in the 50:50 group and four par-
ticipants (9.1%) in the PLANT group had holoTC concen-
tration under 50 pmol/l (Supporting information Fig. 1).
U-I was also lower in the PLANT (128.7 pg/d, P=0.002)
and 50/50 (123.5 pg/d, P < 0.001) groups than in the ANI-
MAL (197.4 pg/d) group (Fig. 4B, Supporting Information
Table S5).

Three indicators of iron status were used, namely plasma
ferritin, plasma TfR, and haemoglobin. We found no signifi-
cant differences among the diet groups in indicators of iron
status apart from the analyses stratified by sex (Fig. 4C-E,
Supporting Information Table S5). Furthermore, the multi-
variate analysis combining all iron status biomarkers indi-
cated no differences among the diet groups when adjusted
by baseline concentrations (Pillai's Trace 0.129, P=0.149,
Supporting Information Table S6).

We found no significant differences in folate status among
the diet groups at the end point (Fig. 4F, Supporting Infor-
mation Table S5). Serum folate was higher among partici-
pants who had previously used folic acid supplements than
among their peers without a history of supplement use at
baseline (22.6 vs. 16.7 nmol/l, P <0.001) and end point
(17.4 vs. 14.9 nmol/l, P=0.015), but no significant differ-
ences emerged among diet groups in subgroup analyses
stratified by supplement use (P >0.05). Prior use of other
dietary supplements did not contribute to higher concentra-
tions of the other biomarkers (P > 0.05, data not shown).

Discussion

In this 12-week randomized controlled trial among healthy
adults, we studied the effects of partial replacement of ani-
mal-source proteins with plant-source proteins on intakes of
critical vitamins and minerals and their status biomarkers
using a whole-diet approach. A shift from mostly animal-
sourced proteins towards more plant-sourced proteins led to
significantly lower intakes and status of vitamin B-12 and
iodine. However, despite the higher iron and folate intakes
in the PLANT group than in the ANIMAL group, no differ-
ences in the indicators of iron or folate status among the diet
groups were observed.

None of our participants were allowed to use dietary sup-
plements, and the 50/50 and PLANT groups were supplied
with non-fortified plant protein products. This allowed us to
evaluate whether the small amount of animal-source foods
in these diets was sufficient to secure adequate vitamin B-12
intake and status. We observed a significant dose-dependent

decrease in B-12 intakes in the 50/50 and PLANT groups
when partly replacing animal-source proteins with plant-
source proteins. The lower vitamin B-12 intakes were
reflected as lower serum holoT'C concentrations, particularly
in the PLANT group, where holoTC decreased 23% dur-
ing the 12-week trial. We used holoTC as a vitamin B-12
status marker since it represents the active B-12 bound to
transcobalamin II delivering B-12 to all tissues to be used
for metabolic pathways [29]. It is considered to be the most
sensitive marker for recent vitamin B-12 intake and also for
vitamin B-12 deficiency [29, 34].

Our results are in line with those of Lerder et al. [14]
who observed a significant decrease in dietary intake of vita-
min B-12 and a decrease in both serum holoTC and B-12
concentrations in volunteers on an unsupplemented vegan
diet after only a 4-week trial [14]. Cross-sectional evidence
also shows that even partial restriction of animal-derived
foods affects B-12 intake. In the large EPIC-Oxford cohort,
omnivores had the highest B-12 intake, followed by progres-
sively lower intakes by fish-eaters, lacto-ovo vegetarians,
and vegans [12]. Interestingly, high consumption of dairy
products and especially milk has been associated with better
vitamin B-12 status, which might indicate better bioavail-
ability of vitamin B-12 from dairy products than from meat
and eggs [35, 36]. Thus, cutting considerably the consump-
tion of milk and dairy products in the PLANT group could at
least partly explain the rather sharp decrease in vitamin B-12
status. Even though the mean intake of vitamin B-12 in the
PLANT group was only half of that in the ANIMAL group,
it remained above the recommended intake of 2 pg/d given
in the Nordic Nutrition Recommendations (NNR) [37]. It
is noteworthy that B-12 recommendations vary worldwide
[29]. For example, the European Food Safety Authority has
set 4 pg/d as an adequate intake for B-12, based on reported
intakes of B-12 for maintaining reference ranges of several
status markers of serum B-12 in healthy adults [38]. Dur-
ing our trial, holoT'C values of three participants belonging
to the 50/50 and PLANT groups dropped below 35 pmol/l,
which is considered the criterion for vitamin B-12 defi-
ciency. Our results support the suggestion made by the NNR
on considering vitamin B12 supplementation if following
a vegetarian diet [37]. Taken together, our results strongly
challenge the long-held notion that when a well-nourished
person changes from an omnivorous diet to a flexitarian diet,
i.e. a plant-based diet containing limited amounts of animal-
source foods, vitamin B-12 status will not be compromised.

Although average iodine intake and status reached the rec-
ommendations in all diet groups [37, 39], we observed more
deficiency and a significantly lower iodine intake and status
in the 50/50 and PLANT groups than in the ANIMAL group.
As the majority of the subjects were female, it is worth not-
ing that the average intakes in the 50/50 and PLANT groups
did not meet the suggested demands during pregnancy and
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«Fig. 2 Intakes of (A) vitamin B-12, (B) iodine (one iodine intake
(732.8 ug) in the PLANT diet is not shown in the fig.), (C) iron mg,
(D) plant-derived iron, (E) animal-derived iron, (F) folate, and (G)
zinc of healthy adults (n=136) who consumed intervention diets dif-
fering in animal and plant protein levels for 12 weeks. ANIMAL, a
diet containing 70% animal and 30% plant proteins (n=46); 50/50,
a diet containing equal proportions (50:50) of animal and plant pro-
teins (n=46), PLANT, a diet containing 30% animal and 70% plant
proteins (n=44). *Differences between the diet groups analysed
by ANOVA with Bonferroni correction: *P<0.05, ** P<0.01,
##%P <(0.001. *One observed vitamin B-12 intake (16.6 pg) in the
50/50 group is not shown in the fig

Fig.3 Main sources in descend-
ing order of (A) vitamin B-12,
(B) iodine, (C) iron, (D) folate,
and (E) zinc in the interven-
tion diets presented as average
proportions among healthy
adults (n=136) who consumed
intervention diets differing in
animal and plant protein levels
for 12 weeks at the end point of
the intervention. Line col-

ours: black = ANIMAL, a diet 0
containing 70% animal and 30%
plant proteins (n=46), dark
grey =50:50, a diet contain-

ing equal proportions (50:50)
of animal and plant proteins
(n=46), grey =PLANT, a diet
containing 30% animal and 70%
plant proteins (n=44)
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toward more sustainable diets with increased replacement of
animal-based iodine sources with plant-based alternatives,
emphasis should be placed on systematically using iodized
salt in salt-containing industrial food products and fortify-
ing plant-based dairy substitutes with iodine. If necessary,
countries should also consider other policy strategies, such
as recommending iodine supplementation to all pregnant
women—a strategy not currently in place in Finland. In our
study, iodine intake was most likely overestimated due to the
absence of retention factors since possible effects of preser-
vation and cooking losses, ranging from 6 to 52%, were not
taken into account [43].

In our study, the PLANT group had the highest iron
intakes. Previous cross-sectional studies have also consist-
ently reported that especially vegans but also vegetarians
have higher iron intakes than omnivores [8, 10, 16, 17].
Regardless of their higher iron intakes, a recent meta-analy-
sis suggested that vegetarians are more likely to have lower
serum ferritin concentrations than non-vegetarians [44],
indicating a markedly lower bioavailability of iron from
plant-based diets than from omnivorous diets. Indeed, it has
been shown, using an extrinsic “°Fe isotope, that non-heme
iron absorption from the lacto-ovovegetarian diet was 70%
less than from the non-vegetarian diet in adult females [19].
We used three established biomarkers for iron status, namely
plasma ferritin, plasma TfR, and haemoglobin [28], but
found no differences in any of them among the diet groups at
the end point of the 12-week intervention. It is possible that
the duration of the study was not sufficiently long to observe
changes in the indicators of iron status. This could be due
to adaptation of participants to dietary iron bioavailability
by increasing non-heme iron absorption to maintain iron
homeostasis [18]. Alternatively, the enhancing and inhibit-
ing factors affecting iron bioavailability in the diets contain-
ing more plant protein may have outbalanced each other.
Animal-derived iron intake decreased, and thus, presumably,
also better available heme iron intake decreased, while the
intake of non-heme iron increased substantially. The bio-
availability of heme iron seems to be constant regardless of
dietary regime [28], but the absorption of non-heme iron is
heavily affected by inhibitors, such as phytates and polyphe-
nols, commonly present in legumes, soy, and whole grains
and, on the other hand, enhancers such as vitamin C and
muscle tissue from animal foods [28, 45]. It is noteworthy
that the mean intake of vitamin C in all diet groups was
about twofold higher than the recommended intake [37], and
it may have considerably enhanced non-heme iron bioavail-
ability in the groups containing more plant proteins. In addi-
tion, even the PLANT group consumed some animal-derived
iron, along with muscle tissue, which may have enhanced
non-heme iron bioavailability. All of these enhancing factors
together could, at least to some extent, overcome the inhibi-
tory factors in more plant protein-containing diets.

In our study, zinc intake was lowest in the PLANT group,
which is in accordance with the previous studies concerning
plant-based diets [8, 10, 12]. In all diet groups, zinc intakes
were above the RI (7 mg/d for females and 9 mg/d for males)
[37] both at the baseline and at the end point. However, it
should be taken into account that, based on the IOM report,
the requirement for dietary zinc may be as much as 50 per-
cent higher particularly for strict vegetarians whose major
food staples are grains and legumes [22]. The main sources
of zinc in more plant protein containing diets, i.e. whole
grains, legumes, nuts, and seeds, are also high in phytic
acid, which is a main inhibitor of zinc bioavailability. In
this study, we did not examine nutritional zinc status because
more research is still needed for a specific, sensitive, and
field-friendly zinc biomarker to evaluate the zinc status of
individuals or populations [32].

Higher folate intake in the diet containing 70% plant-
source proteins was in line with earlier studies on plant-
based diets [8§—10]. Despite the increase in intake, no dif-
ferences were observed in folate status between the diets. In
each intervention group, folate intake both at baseline and at
end point was higher than in general population in Finland
[40]. The previous folic acid supplementation users, most
of whom were in the PLANT group, seemed to have higher
folate status at the baseline and end point. Since the half-life
of folic acid is about 100 days [46], the previous use of sup-
plementation may have hidden the effects of the intervention
diets on the folate status. Thus, longer study period would
have needed to observe changes in folate status. In addition,
serum folate is highly responsive to folic acid and might give
a poorer response to natural food folates [30].

Notable strengths of our study are the relatively long
duration of the trial, excellent compliance of the study
participants, and a comprehensive assessment of dietary
intakes, including separate analyses of animal- and plant-
derived iron. The participants were not allowed to consume
dietary supplements, and the foods and drinks provided to
them were not fortified with the assessed nutrients, with
the exception of iodized salt as an ingredient in bakery and
industrial products. This allowed us to better evaluate the
effects of the diets on vitamin and mineral intake and sta-
tus. Our female-dominated sample was highly educated, and
based on high intakes of fibre [23] and folate at baseline,
probably more health conscious than Finns on average,
which may have impacted the effects of the intervention
diets and resulted in unbalanced subgroup analyses by sex.

To conclude, we demonstrated in the 12-week trial with a
whole-diet approach that vitamin B-12 and iodine are among
the most critical nutrients when partly replacing animal-
source protein with plant protein. The adequate intake of
these nutrients needs to be ensured when recommending
more plant-based diets on a population level. Our data call
for longer trials to confirm the effects of more plant-based

@ Springer



1402

European Journal of Nutrition (2022) 61:1391-1404

diets on iron status. It remains to be evaluated what type
of fortification and supplementation strategies can secure
vitamin B-12 and iodine intakes in different flexitarian diets
with varying proportions of animal-source foods.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00394-021-02729-3.

Author contributions EP and A-MP designed the research, TMP, EP,
ML, and A-MP conducted the research; JI, LK, and TMP analysed data
or performed statistical analysis; TMP drafted the manuscript; A-MP
had the primary responsibility for final content; TMP, EP, JI, ML, STI,
LK, ME, and A-MP interpreted data and worked on the manuscript. All
authors read and approved the final manuscript.

Funding Open Access funding provided by University of Helsinki
including Helsinki University Central Hospital. This research was
supported by the Strategic Research Council at the Academy of Fin-
land (grant numbers 293045 and 314243), the Raisio Plc’s Research
Foundation, the Juho Vainio Foundation, and the Finnish Food and
Drink Industries' Federation. Apetit Plc, Arola Farm, Atria Plc, Fazer
Ltd., Gold&Green Foods Ltd., HKScan Plc, Jalofoods/Oy Soya Ltd.,
Lantminnen Unibake International Ltd., Mauste-Sallinen Ltd., Meira
Ltd., and Verso Food Ltd. donated the foods for the intervention.

Declarations

Conflicts of interest LK was a board member of the company Two-
Dads at the time of the study. None of the other authors declare any
conflicts of interest.

Data availability Data and analytical code described in the manuscript
will be made available upon request pending application and approval
in agreement with the EU General Data Protection Regulation.

Code availability Code book and analytic code of the data described in
the manuscript will be made available upon request pending applica-
tion and approval in agreement with the EU General Data Protection
Regulation.

Ethics approval All procedures involving human subjects were
approved by the Coordinating Ethics Committee of the Helsinki and
Uusimaa Hospital District (1651/2016), and the research was con-
ducted according to the tenets of the Declaration of Helsinki. All par-
ticipants gave their written informed consent.

Consent to participate Informed consent was obtained from all par-
ticipants included in the study.

Consent for publication Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer

References

1. Searchinger T, Waite R, Hanson C, Ranganathan J, Dumas P, Klirs
C (2019) World Resource institute. World resources report. Creat-
ing a sustainable food future: a menu of solutions to feed nearly 10
billion people by 2050 - final report. https://research.wri.org/sites/
default/files/2019-07/WRR_Food_Full_Report_0.pdf. Accessed
26 February 2021

2. Willett W, Rockstrom J, Loken B, Springmann M, Lang T,
Vermeulen S, Garnett T, Tilman D, DeClerck F, Wood A et al
(2009) Food in the anthropocene: The EAT-Lancet commis-
sion on healthy diets from sustainable food systems. The Lancet
393:447-492. https://doi.org/10.1016/S0140-6736(18)31788-4

3. Zhao LG, Zhang QL, Liu XL, Wu H, Zheng JL, Xiang YB (2019)
Dietary protein intake and risk of type 2 diabetes: a dose-response
meta-analysis of prospective studies. Eur J Nutr 58:1351-1367.
https://doi.org/10.1007/s00394-018-1737-7

4. Virtanen HEK, Voutilainen S, Koskinen TT, Mursu J, Kokko P,
Ylilauri MPT, Tuomainen TP, Salonen JT, Virtanen JK (2019)
Dietary proteins and protein sources and risk of death: the Kuo-
pio ischaemic heart disease risk factor study. Am J Clin Nutr
109:1462—-1471. https://doi.org/10.1093/ajcn/nqz025

5. Preis SR, Stampfer MJ, Spiegelman D, Willet WC, Rimm EB
(2010) Dietary protein and risk of ischemic heart disease in mid-
dle-aged men. Am J Clin Nutr 92:1265-1272. https://doi.org/10.
3945/ajen.2010.29626

6. World Cancer Research Fund/ American Institute for Cancer
Research (2018) Recommendations and public health and policy
implications. Continuous Update Project Expert Report. https://
www.wcrf.org/wp-content/uploads/2021/01/Recommendations.
pdf. Accessed 19 May 2021.

7. Dagevos H (2014) Flexibility in the frequency of meat consump-
tion — empirical evidence from the Netherlands. EuroChoices
13:40-45. https://doi.org/10.1111/1746-692X.12062

8. Elorinne AL, Alfthan G, Erlund I, Kivimiki H, Paju A, Salminen
I, Turpeinen U, Voutilainen S, Laakso J (2016) Food and nutrient
intake and nutritional status of Finnish vegans and non-vegetar-
ians. PLoS ONE 11:e0148235. https://doi.org/10.1371/journal.
pone.0148235

9. Gilsing AMJ, Crowe FL, Lloyd-Wright Z, Sanders TAB, Appleby
PN, Allen NE, Key TJ (2010) Serum concentrations of vitamin
B12 and folate in British male omnivores, vegetarians and vegans:
results from a cross-sectional analysis of the EPIC-oxford cohort
study. Eur J of Clin Nutr 64:933-939. https://doi.org/10.1038/
ejen.2010.142

10. Sobiecki JG, Appleby PN, Bradbury KE, Key TJ (2016) High
compliance with dietary recommendations in a cohort of meat eat-
ers, fish eaters, vegetarians, and vegans: results from the European
prospective investigation into cancer and Nutrition-Oxford study.
Nutr Res 36:464-477. https://doi.org/10.1016/j.nutres.2015.12.
016

11. Herrmann W, Obeid R, Schorr H, Geisel J (2005) The usefulness
of holotranscobalamin in predicting vitamin B12 status in differ-
ent clinical settings. Curr Drug Metab 6:47-53. https://doi.org/10.
2174/1389200052997384

12. Davey GK, Spencer EA, Appleby PN, Allen NE, Knox KH, Key
TJ (2003) EPIC-Oxford: lifestyle characteristics and nutrient
intakes in a cohort of 33 883 meat-eaters and 31 546 non meat-
eaters in the UK. Public Health Nutr 6:259-269. https://doi.org/
10.1079/PHN2002430

13. Krajcovicova-Kudlackovd M, Buckové K, Klimes I, Sebokova E
(2003) Iodine deficiency in vegetarians and vegans. Ann Nutr
Metab 47:183-185. https://doi.org/10.1159/000070483

14. Lederer AK, Hannibal L, Hettich M, Behringer S, Spiekerkoet-
ter U, Steinborn C, Griindemann C, Zimmermann-Klemd AM,


https://doi.org/10.1007/s00394-021-02729-3
http://creativecommons.org/licenses/by/4.0/
https://research.wri.org/sites/default/files/2019-07/WRR_Food_Full_Report_0.pdf
https://research.wri.org/sites/default/files/2019-07/WRR_Food_Full_Report_0.pdf
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.1007/s00394-018-1737-7
https://doi.org/10.1093/ajcn/nqz025
https://doi.org/10.3945/ajcn.2010.29626
https://doi.org/10.3945/ajcn.2010.29626
https://www.wcrf.org/wp-content/uploads/2021/01/Recommendations.pdf
https://www.wcrf.org/wp-content/uploads/2021/01/Recommendations.pdf
https://www.wcrf.org/wp-content/uploads/2021/01/Recommendations.pdf
https://doi.org/10.1111/1746-692X.12062
https://doi.org/10.1371/journal.pone.0148235
https://doi.org/10.1371/journal.pone.0148235
https://doi.org/10.1038/ejcn.2010.142
https://doi.org/10.1038/ejcn.2010.142
https://doi.org/10.1016/j.nutres.2015.12.016
https://doi.org/10.1016/j.nutres.2015.12.016
https://doi.org/10.2174/1389200052997384
https://doi.org/10.2174/1389200052997384
https://doi.org/10.1079/PHN2002430
https://doi.org/10.1079/PHN2002430
https://doi.org/10.1159/000070483

European Journal of Nutrition (2022) 61:1391-1404

1403

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Miiller A, Simmet T et al (2019) Vitamin B12 status upon short-
term intervention with a vegan diet—a randomized controlled trial
in healthy participants. Nutrients 11:2815. https://doi.org/10.3390/
null112815

Remer T, Neubert A, Manz F (1999) Increased risk of iodine
deficiency with vegetarian nutrition. Br J Nutr 81:45-49. https://
doi.org/10.1017/s0007114599000136

Clarys P, Deliens T, Huybrechts I, Deriemaeker P, Vanaelst B, De
Keyzer W, Hebbelinck M, Mullie P (2014) Comparison of nutri-
tional quality of the vegan, vegetarian, semi-vegetarian, pesco-
vegetarian and omnivorous diet. Nutrients 6:1318-1332. https://
doi.org/10.3390/nu6031318

Sliwifiska A, Luty J, Aleksandrowicz-Wrona E, Matgorzewicz S
(2018) Iron status and dietary iron intake in vegetarians. Adv Clin
Exp Med 27:1383-9. https://doi.org/10.17219/acem/70527

Hunt JR, Roughead ZK (2000) Adaptation of iron absorption in
men consuming diets with high or low iron bioavailability. Am J
Clin Nutr 71:94-102. https://doi.org/10.1093/ajcn/71.1.94

Hunt JR, Roughead ZK (1999) Nonheme-iron absorption, fecal
ferritin excretion, and blood indexes of iron status in women con-
suming controlled lactoovovegetarian diets for 8§ wk. Am J Clin
Nutr 69:944-952. https://doi.org/10.1093/ajcn/69.5.944
Schlesier K, Kiihn B, Kiehntopf M, Winnefeld K, Roskos M,
Bitsch R, Bohm V (2012) Comparative evaluation of green and
black tea consumption on the iron status of omnivorous and vege-
tarian people. Food Res Int 46:522-527. https://doi.org/10.1016/].
foodres.2011.06.019

Raper NR, Rosenthal JC, Woteki CE (1984) Estimates of available
iron in diets of individuals 1 year old and older in the Nationwide
Food Consumption Survey. J] Am Diet Assoc 84:783-787
Institute of Medicine (2001) Dietary Reference Intakes for Vita-
min A, Vitamin K, Arsenic, Boron, Chromium, Copper, lodine,
Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and
Zinc. Washington, DC: The National Academies Press. http://
www.nap.edu/catalog/10026.html. Accessed 19 May 2021.
Piivirinta E, Itkonen ST, Pellinen T, Lehtovirta M, Erkkola M,
Pajari AM (2020) Replacing animal-based proteins with plant-
based proteins changes the composition of a whole Nordic diet-
A randomised clinical trial in healthy Finnish adults. Nutrients
12:943. https://doi.org/10.3390/nu12040943

Itkonen ST, Pidivirinta E, Pellinen T, Viitakangas H, Risteli J, Erk-
kola M, Lamberg-Allardt C, Pajari AM (2021) Partial replacement
of animal proteins with plant proteins for 12 weeks accelerates
bone turnover among healthy adults: a randomized clinical trial.
J Nutr 151:11-19. https://doi.org/10.1093/jn/nxaa264

Fineli. Finnish institute for health and welfare. https://fineli.fi/
fineli/en/index. Accessed 10 Jun 2020.

Vsquez-Caicedo LA, Bell S, Hartmann B (2008) Report on collec-
tion of rules on use of recipe calculation procedures including the
use of yield and retention factors for imputing nutrient values for
composite foods (D2.2.9). European Food Information resource
(EuroFIR). https://www.eurofir.org/wp-content/uploads/2014/05/
6.-Report-on-collection-of-rules-on-use-of-recipe-calculation-
procedures-including-the-use-of-yield-and-retention-factors-for-
imputing-nutrient-values-for-composite-foods..pdf. Accessed 19
May 2021.

Pawlak R, Berger J, Hines I (2016) Iron status of vegetarian adults:
A review of literature. Am J Lifestyle Med 12:486-498. https://
doi.org/10.1177/1559827616682933

Lynch S, Pfeiffer CM, Georgieff MK, Brittenham G, Fairweather-
Tait S, Hurrell RF, McArdle HJ, Raiten DJ (2018) Biomarkers
of nutrition for development (BOND)—Iron review. J Nutr
148(suppl_1):1001S-67S. https://doi.org/10.1093/jn/nxx036
Allen LH, Miller JW, de Groot L, Rosenberg IH, Smith AD,
Refsum H, Raiten DJ (2018) Biomarkers of nutrition for

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

development (BOND): Vitamin B-12 review. J Nutr 148(suppl.
4):1995S5-2027S. https://doi.org/10.1093/jn/nxy201

Bailey LB, Stover PJ, McNulty H, Fenech MF, Gregory JF 3rd,
Mills JL, Pfeiffer CM, Fazili Z, Zhang M, Ueland PM et al (2015)
Biomarkers of nutrition for development—folate review. J Nutr
145:1636S-S1680. https://doi.org/10.3945/jn.114.206599
Rohner F, Zimmermann M, Jooste P, Pandav C, Caldwell K,
Raghavan R, Raiten DJ (2014) Biomarkers of nutrition for devel-
opment—Ilodine review. J Nutr 144:1322S-S1342. https://doi.org/
10.3945/jn.113.181974

King JC, Brown KH, Gibson RS, Krebs NF, Lowe NM, Siekmann
JH, Raiten DJ (2016) Biomarkers of nutrition for development
(BOND)—Zinc Review. J Nutr 146:858S-S885. https://doi.org/
10.3945/jn.115.220079

Luoto R, Kaprio J, Uutela A (1994) Age at natural menopause and
sociodemographic status in Finland. Am J Epidemiol 139:64-76.
https://doi.org/10.1093/oxfordjournals.aje.al 16936

Nexo E, Hoffmann-Liicke E (2011) Holotranscobalamin, a marker
of vitamin B-12 status: analytical aspects and clinical utility. AmJ
Clin Nutr 94:359S-S365. https://doi.org/10.3945/ajcn.111.013458
Tucker KL, Rich S, Rosenberg I, Jacques P, Dallal G, Wilson
PWEF, Selhub J (2000) Plasma vitamin B-12 concentrations relate
to intake source in the framingham offspring study. Am J Clin
Nutr 71:514-522. https://doi.org/10.1093/ajcn/71.2.514
Vogiatzoglou A, Smith AD, Nurk E, Berstad P, Drevon CA,
Ueland PM, Vollset SE, Tell GS, Refsum H (2009) Dietary
sources of vitamin B-12 and their association with plasma vita-
min B-12 concentrations in the general population: The Hordaland
Homocysteine Study. Am J Clin Nutr 89:1078-1087. https://doi.
org/10.3945/ajcn.2008.26598

Nordic Council of Minister (2014) Nordic Nutrition Recom-
mendations 2012. Copenhagen (Denmark): Nordisk Ministerrad.
https://doi.org/10.6027/Nord2014-002

EFSA Panel on Dietetic Products, Nutrition, and Allergies (NDA)
(2015) Scientific opinion on dietary reference values for cobala-
min (vitamin B12). EFSA J 13:4150. https://doi.org/10.2903/j.
efsa.2015.4150

World Health Organization (2007). Assessment of iodine defi-
ciency disorders and monitoring their elimination. A guide for
programme managers. Third edition. World Health Organization:
Geneva. https://apps.who.int/iris/handle/10665/43781. Accessed
19 May 2021.

Valsta L, Kaartinen N, Tapanainen H, Minnist6 S, Sdédksjarvi K,
Editors (2018) Ravitsemus Suomessa — FinRavinto 2017 -tutki-
mus. [Nutrition in Finland — The National FinDiet 2017 Survey]
Terveyden ja hyvinvoinnin laitos (THL). Report 12. Helsinki (Fin-
land): Institute for Health and Welfare. http://urn.fi/URN:ISBN:
978-952-343-238-3. Accessed 19 May 2021.

National Nutrition Council, Ministry of Agriculture and Forestry
(2015) The National Nutrition Council recommends the following
actions to improve the iodine intake of the population. Recom-
mendation 10 February 2015. Internet: https://www.ruokavirasto.
fi/globalassets/teemat/terveytta-edistava-ruokavalio/ravintoaineet/
vrn_jodi_toimenpidesuositus_10_2.2015_english.pdf. Accessed
26 February 2021.

Ittermann T, Albrecht D, Arohonka P, Bilek R, de Castro JJ,
Dahl L, Filipsson Nystrom H, Gaberscek S, Garcia-Fuentes E,
Gheorghiu ML et al (2020) Standardized map of iodine status in
Europe. Thyroid 30:1346-1354. https://doi.org/10.1089/thy.2019.
0353

Rana R, Raghuvanshi RS (2013) Effect of different cooking meth-
ods on iodine losses. J Food Sci Technol 50:1212-1216. https://
doi.org/10.1007/s13197-011-0436-7

Haider LM, Schwingshackl L, Hoffmann G, Ekmekcioglu C
(2018) The effect of vegetarian diets on iron status in adults: a

@ Springer


https://doi.org/10.3390/nu11112815
https://doi.org/10.3390/nu11112815
https://doi.org/10.1017/s0007114599000136
https://doi.org/10.1017/s0007114599000136
https://doi.org/10.3390/nu6031318
https://doi.org/10.3390/nu6031318
https://doi.org/10.17219/acem/70527
https://doi.org/10.1093/ajcn/71.1.94
https://doi.org/10.1093/ajcn/69.5.944
https://doi.org/10.1016/j.foodres.2011.06.019
https://doi.org/10.1016/j.foodres.2011.06.019
http://www.nap.edu/catalog/10026.html
http://www.nap.edu/catalog/10026.html
https://doi.org/10.3390/nu12040943
https://doi.org/10.1093/jn/nxaa264
https://fineli.fi/fineli/en/index
https://fineli.fi/fineli/en/index
https://www.eurofir.org/wp-content/uploads/2014/05/6.-Report-on-collection-of-rules-on-use-of-recipe-calculation-procedures-including-the-use-of-yield-and-retention-factors-for-imputing-nutrient-values-for-composite-foods..pdf
https://www.eurofir.org/wp-content/uploads/2014/05/6.-Report-on-collection-of-rules-on-use-of-recipe-calculation-procedures-including-the-use-of-yield-and-retention-factors-for-imputing-nutrient-values-for-composite-foods..pdf
https://www.eurofir.org/wp-content/uploads/2014/05/6.-Report-on-collection-of-rules-on-use-of-recipe-calculation-procedures-including-the-use-of-yield-and-retention-factors-for-imputing-nutrient-values-for-composite-foods..pdf
https://www.eurofir.org/wp-content/uploads/2014/05/6.-Report-on-collection-of-rules-on-use-of-recipe-calculation-procedures-including-the-use-of-yield-and-retention-factors-for-imputing-nutrient-values-for-composite-foods..pdf
https://doi.org/10.1177/1559827616682933
https://doi.org/10.1177/1559827616682933
https://doi.org/10.1093/jn/nxx036
https://doi.org/10.1093/jn/nxy201
https://doi.org/10.3945/jn.114.206599
https://doi.org/10.3945/jn.113.181974
https://doi.org/10.3945/jn.113.181974
https://doi.org/10.3945/jn.115.220079
https://doi.org/10.3945/jn.115.220079
https://doi.org/10.1093/oxfordjournals.aje.a116936
https://doi.org/10.3945/ajcn.111.013458
https://doi.org/10.1093/ajcn/71.2.514
https://doi.org/10.3945/ajcn.2008.26598
https://doi.org/10.3945/ajcn.2008.26598
https://doi.org/10.6027/Nord2014-002
https://doi.org/10.2903/j.efsa.2015.4150
https://doi.org/10.2903/j.efsa.2015.4150
https://apps.who.int/iris/handle/10665/43781
http://urn.fi/URN:ISBN:978-952-343-238-3
http://urn.fi/URN:ISBN:978-952-343-238-3
https://www.ruokavirasto.fi/globalassets/teemat/terveytta-edistava-ruokavalio/ravintoaineet/vrn_jodi_toimenpidesuositus_10_2.2015_english.pdf
https://www.ruokavirasto.fi/globalassets/teemat/terveytta-edistava-ruokavalio/ravintoaineet/vrn_jodi_toimenpidesuositus_10_2.2015_english.pdf
https://www.ruokavirasto.fi/globalassets/teemat/terveytta-edistava-ruokavalio/ravintoaineet/vrn_jodi_toimenpidesuositus_10_2.2015_english.pdf
https://doi.org/10.1089/thy.2019.0353
https://doi.org/10.1089/thy.2019.0353
https://doi.org/10.1007/s13197-011-0436-7
https://doi.org/10.1007/s13197-011-0436-7

1404

European Journal of Nutrition (2022) 61:1391-1404

systematic review and meta-analysis. Crit Rev Food Sci Nutr
58:1359-1374. https://doi.org/10.1080/10408398.2016.1259210
45. Mattila PH, Pihlava JM, Hellstrom J, Nurmi M, Eurola M, Miki-
nen S, Jalava T, Pihlanto A (2018) Contents of phytochemicals
and antinutritional factors in commercial protein-rich plant prod-
ucts. FQS 2:213-219. https://doi.org/10.1093/fqsafe/fyy021

@ Springer

46. Duncan TM, Reed MC, Nijhout HF (2013) The relationship
between intracellular and plasma levels of folate and metabolites
in the methionine cycle: A model. Mol Nutr Food Res 57:628-
636. https://doi.org/10.1002/mnfr.201200125


https://doi.org/10.1080/10408398.2016.1259210
https://doi.org/10.1093/fqsafe/fyy021
https://doi.org/10.1002/mnfr.201200125

